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Yeast ribosomal protein S3 has multifunctional activities that are involved in both protein transla-
tion and DNA repair. Here, we report that yeast Rps3p cleaves variously damaged DNA that contains
not only AP sites and pyrimidine dimers but also 7,8-hydro-8-oxoguanine. This study also revealed
that Rps3p has a b-lyase activity with a broad range of substrate speciﬁcity which cleaves phospho-
diester bonds of UV or oxidatively damaged DNA substrates. Mutation analysis of the yeast Rps3 pro-
tein including introduction of domain deletions and residue replacements identiﬁed the residues
Asp154 and Lys200 are important for the catalytic activity. In addition, the repair enzyme activity
of yeast Rps3p was conﬁrmed by complementation in xth, nfo Escherichia coli cells in which the
DNA repair process is defective.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ribosomal protein S3 (rpS3) is a component of the 40S small ribo-
somal subunit and therefore is associatedwith protein synthesis [1].
In addition, it has been known that rpS3 is amultifunctional protein
involved in DNA repair [2], metastasis [3], and apoptosis [4,5]. Ribo-
somal protein S3 is a repair protein with an endonuclease activity
which acts on damaged DNA. The endonuclease activity of this pro-
tein has been reported in humans,mice, andDrosophila [6–9].Mam-
malian ribosomal protein S3 (rpS3) was identiﬁed as UV
endonuclease III, and may be associated with XP (xeroderma pig-
mentosum) disease [6]. It has been reported that human rpS3 pro-
tein has an endonuclease activity and cleaves DNA containing
apurinic/apyrimidic (AP) sites, pyrimidine dimers, and thymine
glycols [10]. However, this protein seemed to have anAP lyase activ-
ity that cleaves AP sites via a b-elimination reaction lacking d-elim-
ination [11].
The expression of yeast Rps3 protein is tightly regulated at the
transcriptional level. A promoter study of RPS3 revealed that thechemical Societies. Published by E
ea National Institute of Health,
k.expression of this protein is positively regulated by Rap1p [12]
and negatively regulated by Gcn4p in stress conditions [13], which
are known to be typical stress response regulators in yeasts. This
protein has been shown to possess an AP endonuclease activity
in which the enzyme cleaves phosphodiester bonds 30- and adja-
cent to an AP site in the DNA molecule [14]. However, its activity
was not evaluated on the damaged base substrates such as pyrim-
idine dimer and 8-oxo-G.
AP endonuclease activity can be divided into two categories
according to the mechanism of action. Type I AP endonucleases
cleave, more accurately called AP lyases [15], 30 to AP sites via a
b-elimination reaction to leave 30-a,b-unsaturated aldehyde
(trans-4-hydroxy-2-pentenal 5-phoshate) anddeoxyribonucleoside
50-phosphate terminal residues. Escherichia coli endonuclease III
[16], Fpg, and T4 endonuclease V [17] are classiﬁed as type I AP
endonucleases. Type II AP endonucleases such as E. coli exonuclease
III, endonuclease IV, and the AP endonucleases of yeasts,Drosophila,
andhumans cleave the 50 to AP sites via hydrolysis to yield 50-deoxy-
ribose 5-phosphate (dRP) and nucleotide-30-hydroxyl terminal
residues.
Here, we evaluated the ability of yeast Rps3 protein to cleave
various damaged DNA substrates and identiﬁed the residues
essential for Rps3p endonuclease activity. We describe a novel
cleavagemechanismof yeast Rps3 protein involving a b-elimination
reaction.lsevier B.V. All rights reserved.
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2.1. Construction of the yeast RPS3 expression vector, induction, and
puriﬁcation
Cloning the yeast RPS3 gene into a pGEX 2T GST-tagged expres-
sion vector, expression, and puriﬁcation of yeast Rps3p were
performed as previously described [14]. Yeast Rps3p expression lev-
els were determined by Western blot analysis using a GST-poly-
clonal antibody. For the yeast Rps3 protein mutation analysis,
N- and C-terminal deletions, and point mutations were introduced
into the RPS3 gene by PCR-basedmutagenesis with speciﬁc primers
(Supplementary Table 1). The mutant proteins were also expressed
and puriﬁed as described above.
2.2. Endonuclease assays
2.2.1. Plasmid nicking assay
Partially depurinated DNA containing 1.5 AP sites per DNA mol-
ecule was prepared as previously reported [6] and used as the sub-
strate for the plasmid nicking assay. The reaction mixture (20 lL)
containing 0.1 lg of the plasmid, and 1 lg of puriﬁed yeast Rps3p
in reaction buffer (40 mM Tris–Cl pH 8.0, 35 mM KCl, 0.001% Triton
X-100, 3 mM EDTA) was incubated at 37 C for 1 h, and then mixed
with 3 lL of gel loading dye containing 1% SDS. Samples were
resolved on a 1% agarose gel containing 0.1 lg/mL of ethidium bro-
mide and visualized under UV light.
2.2.2. Nick circle assay
An endonuclease assay was performed as reported by Kim et al.
[18]. Brieﬂy, 1 nmol of [3H]-labeled PM2 DNA was incubated with
puriﬁed recombinant Rps3p. The number of nicks was calculated
according to the Poisson distribution described by Seong et al.
[19]. One unit of enzyme activity was deﬁned as the activity to pro-
duce 1 fmol of nicked DNA per min at 37 C. To obtain the Km value
of yeast Rps3p for the AP DNA cleavage, the assay was performed
with a ﬁxed concentration (2 units) of the puriﬁed yeast Rps3p
increasing concentrations of AP DNA substrates up to 20 nmol.
To measure glycosylase activity using base release and the produc-
tion of AP sites, samples were treated with 0.3 M K2HPO4 (pH 13.2)
and heated to 95 C for 5 min.
2.2.3. Endonuclease assay with DNA containing 8-oxo-G or AP sites
An oligonucleotide fragment (12-mer) containing an 8-oxo-G
and an AP site at position 4 was used for the preparation of sub-
strates (Oligo-A, 50-CGCG⁄AATTCGCG-30, G⁄= 8-oxo-G and Oligo-B,
50-CGCXAATTCGCG-30, X = spacer). Oligomers were labeled with
c-32P ATP by T4 polynucleotide kinase (Promega, CA). To anneal
the labeled oligomer to double-stranded DNA, each oligomer was
mixed in the annealing buffer (20 mM Tris–HCl pH 7.5, 100 mM
NaCl). The mixture was heated at 95 C for 5 min and cooled over-
night at room temperature. The assay mixtures (20 lL) contained
10 pmol of 50 end-labeled 12-mer oligomer, 1 lg of GST-yeast
Rps3p, 30 mM HEPES pH 7.4, 50 mM KCl, 1 lg/mL bovine serum
albumin, 0.05% Triton X-100, 1 mM DTT, and 0.5 mM EDTA. The
reaction samples were separated on a 20% polyacrylamide gel con-
taining 7 M urea. The gels were dried and visualized by autoradiog-
raphy (Fuji, BAS 2500 PhosphorImager).
2.3. DNA repair synthesis
DNA incision by yeast Rps3p and T4 UV endonuclease was per-
formed by nick circle assay. The endonuclease activity was stopped
by heating for 5 min at 70 C. DNA synthesis was carried out in a
mixture (200 lL) containing 0.1 mM dATP, 0.1 mM dGTP, 0.1 mMdTTP, 50 lCi of [a-32P] dCTP, 20 lL of 10 reaction buffer (Kosco,
South Korea), the 0.5 nmol of the incised PM2 DNA, and E. coli
DNA polymerase I (5 units, Kosco). Unincorporated dNTPs were re-
moved by a Sephadex G-25 column and radioactivity was mea-
sured by scintillation counter.
2.4. NaBH4 trapping assay
A 34-mer oligomer containing uracil (Oligo-C, 50-ATGCCTGCAC-
GA(T/U)GCA ATTCGTGATCATGGTCAT-30) and its complementary
oligomer (Oligo-D, 50-ATGACCATGATCACGAATTGCATCGTGCAGG-
CAT-30) were used for NaBH4 trapping assay. The commercial uracil
DNA glycosylase (Promega) generated the AP site in Oligo-C which
was labeled and annealed with Oligo-D as described above. Puri-
ﬁed yeast Rps3p and T4 UV endonuclease V were incubated with
20 pmol of DNA along with 100 mM of NaBH4 in reaction mixture
(40 mM Tris–Cl pH 8.0, 35 mM KCl, 0.01% Triton X-100, 3 mM
EDTA) for 1 h at 37 C. The samples were then separated on a
15% non-denaturing polyacrylamide gel. After electrophoresis,
the gel was dried and exposed to X-ray ﬁlm (Fuji, Japan).
2.5. Pyrimidine dimer-speciﬁc endonuclease activity
Two units of yeast Rps3p or T4 UV endonuclease mutant (Ser)
was incubated with UV-irradiated DNA (25 J/m2) as performed in
the nick circle assay. After incubation, the reaction mixture was
heated at 70 C for 15 min to inactivate the enzymes. Two units of
T4 UV endonuclease mutant and/or yeast Rps3p were added to this
reaction mixture and incubated for 30 min at 37 C. Next, the reac-
tionmixturewas denatured, renatured, and ﬁltered through a nitro-
cellulose membrane. The radioactivity on the membrane was
measured by a scintillation counter and the concentration of nicked
DNA was calculated as previously described [14].
2.6. Effect of yeast Rps3 on the survival of E. coli cells after DNA
damage
BW528 E. coli strains transformed with GST alone or GST-yeast
Rps3derivativeswere culturedovernight at 37 C. The cultureswere
then diluted with fresh media and grown to mid-log phase. IPTG
(0.5 mM) was added and the cultures were incubated for an addi-
tional 20 min at 30 C. Aliquots of these cultures were incubated
with 5 mMof t-BuO2Hor 30 mMofMMSat 30 C for 20 min, respec-
tively. Growth of the cellswasmeasured by serially-diluted spots on
LB plates containing ampicillin (50 lg/mL). Each survival analysis
was repeated at least three times; representative results are shown.
3. Results and discussion
3.1. Yeast ribosomal protein S3 has an endonuclease activity on
relaxed DNA substrates containing AP sites and 8-oxo-G
To further characterize the AP endonuclease activity, we tested
whether the enzyme cleaves relaxed DNA containing AP sites. First,
yeast Rps3p cleaved the depurinated supercoiled plasmid (Fig. 1a).
Depurinated pBluescript plasmid was nicked to change its confor-
mation from supercoiled to an open circular relaxed form. The
nicks were increased with increasing concentration of puriﬁed
yeast Rps3 (lanes 2–6). However, various concentrations of GST
proteins did not affect cleavage of normal, depurinated, or UV-irra-
diated pBluescript plasmids (data not shown). Second, nicked and
relaxed forms of depurinated PM2 DNA were evaluated in the
nick circle assay. Rps3 proteins showed an endonuclease activity
in a dose-dependent manner. But, it was not observed in normal
unrelaxed PM2 DNA showing that the activity works on relaxed
Fig. 1. The ability of yeast Rps3p to cleave relaxed and damaged DNA substrates. (a) Depurinated pBluescript DNA (0.5 lg) was incubated with the increasing concentrations
(0.01, 0.05, 0.1, 0.2, 0.3 lg) of yeast Rps3 protein. GST protein was used as a negative control. (b) Depurinated and relaxed (s), and normal PM2 DNA (j) were used for nick-
circle assay. (c) Endonuclease activity of yeast Rps3 protein at abasic site and 8-oxo-G site (d). One unit of human rpS3p and 10 lg of GST protein were used in (c), (d), and
yeast Rps3p was increased as 0.1, 0.2, 0.4, 0.8, 1.0 units (c) and 0.125, 0.25, 0.5, 1.0 units (d), respectively. X and G⁄ indicated abasic site and 8-oxo-G site, respectively.
Fig. 2. Type I AP lyase activity of yeast Rps3p. (a) The DNA incised by repair
enzymes was used for repair synthesis as a substrate. (b) The amount of yeast Rps3
proteins was increased in NaBH4 trapping assay (0.5, 1.0, 2.0 units). T4 UV
endonuclease, a typical type I AP endonuclease, also generated the enzyme-DNA
intermediates.
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ase activity on damaged base substrates, we used 12-mer duplex
oligonucleotide containing a single abasic site and 8-oxo-G at a
speciﬁc position, respectively. Interestingly, yeast Rps3p is able
to efﬁciently incise the 30 phosphodieseter bond. Four cleaved
nucleotides products were clearly observed (Fig. 1c and d). In sum-
mary, we found that yeast Rps3 is able to cleave relaxed DNA con-
taining AP sites and/or 8-oxo-G.
3.2. Km of yeast Rps3p endonuclease activity on AP sites
Km represents the afﬁnity of enzyme for its substrate. The Km of
yeast Rps3p for AP DNA was determined by the number of nicks
produced by Rps3 endonuclease activity under saturated concen-
trations of substrate (Supplementary Fig. S1). According to the
Michaelis–Menten equation and Lineweaver–Burk plotting, the
Km of yeast Rps3p was 61.27 lM for PM2 DNA containing AP sites.
However, this Km value was re-calculated using the molar concen-
tration of AP sites. The number of AP sites in PM2 DNA produced by
standard depurination reactions was 1.5 per molecule [14]. There-
fore, the molar concentration of AP sites in 61.27 lM of PM2 DNA
was 4.5 nM according to the following equation: [(1.5 AP si-
tes  61.27 lM)/(20158 of the number of nucleotide)].
3.3. Yeast ribosomal protein S3 is an AP lyase that catalyzes b-
elimination
The type of AP endonuclease could be determined whether the
30 end of cleaved products by a repair enzyme is utilized by DNA
polymerase I in repair synthesis. As shown in Fig 2a, DNA polymer-
ase I could not efﬁciently incorporate dNTPs into the cleaved prod-
uct by yeast Rps3p in repair synthesis. This activity was similar to
that of T4 UV endonuclease. However, the cleavage product of
DNase I used as a positive control was efﬁciently utilized. This re-
sult indicated that the inefﬁcient repair synthesis by DNA polymer-
ase I was due to the presence of a 30-terminal unsaturated sugar.
This type of cleavage products was generated by a type I AP endo-
nuclease. We hypothesized that the cleavage mechanism of yeast
Rps3p on AP sites involves a b-elimination reaction.To further examine the mechanism underlying yeast Rps3p
catalysis, a NaBH4 trapping assay was performed (Fig. 2b). During
the b-elimination reaction associated with AP lyase activity, the
enzyme binds covalently to the 20-deoxyribose sugar moiety of
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can be trapped by sodium borohydride [20]. This stable complex
has slower mobility on polyacrylamide gels. The trapped DNA
bands by Rps3p and T4 UV endonuclease were shifted to upper
region. This observation implies that both proteins generated Schiff
base intermediates trapped by NaBH4. Therefore, we conclude that
yeast Rps3p has a type I AP endonuclease or lyase activity on AP
sites that catalyzes b-elimination.
3.4. Yeast ribosomal protein S3 cleaves the phosphodiester bond of
pyrimidine dimer through a b-lyase activity
Human rpS3 protein recognizes pyrimidine dimers and cleaves
the phosphodiester bond within the dimer without a glycosylase
activity [6]. To verify whether the endonuclease activity of yeast
Rps3p requires additional glycosylase activity, a nick circle assay
with T4 UV endonuclease (Ser) mutant was performed using UV-
irradiated DNA containing pyrimidine dimers. T4 UV endonuclease
(Ser) mutant protein has a glycosylase activity but not an AP endo-
nuclease activity [6]. Its glycosylase activitywas conﬁrmed by alkali
treatment which generates strand breaks in the phosphodiester
bond of the AP site (Fig. 3, reaction 1). Alkali treatment results in
the cleavage of all the AP sites via b-elimination (Fig. 3, reaction 2).
AP sites either cleaved by AP endonucleases or alkali treatment
can be quantiﬁed by a nick circle assay (reaction 2) because both
reactions result in the phosphodiester bond cleavage. The number
of nickedDNA incubatedwithT4UVendonucleasemutant (Ser) pro-
tein increased from 1.68 fmol nicks to 80.5 fmol nicks with alkali
treatment which is similar to the maximum number of 86 fmol AP
sites generated. Yeast Rps3p alone did not introduce nicks with or
without alkali treatment. Thismeans that yeast Rps3p does not have
a glycosylase activity. However, the treatmentwith yeast Rps3pﬁrst
then T4 UV endonuclease (Ser) mutant produced nicks in UV-irradi-
atedDNA. This indicates that Rps3p ﬁrst cleaved the phosphodiester
bond between the pyrimidine dimer but cannot be detected by the
nick circle assay because the existence of a dimer bridge did not re-
sult in the DNA strand break (reaction 3). Onlywhen T4 UV endonu-
clease (Ser) was treated afterward, DNA strand was cleaved since a
glycosidic bond of the pyrimidine dimer was cut by T4 UV endonu-
clease (Ser) (reaction 4). However, in these reactions, the maximal
number of nicks produced was 59.7 fmol nicks and about 78%
(46.4 fmol nicks) was nicked in the alkali treated reaction. In sum,
these ﬁndings clearly indicate that yeast Rps3p recognizes pyrimi-
dine dimers and cleaves phosphodiester bonds between the dimers
without a glycosylase activity.Fig. 3. AP lyase activity of yeast Rps3p without a glycosylase activity. Yeast Rps3 prote
glycosylase activity. The schematic diagram illustrates the mechanism of yeast Rps3 prot
in Rxn. 1 and all the AP sites are cleaved via b-elimination by yeast Rps3p in Rxn. 2. The
and T4 UV endonuclease (ser) cleaves the glycosidic bond of pyrimidine dimer in Rxn. 4In the base excision repair (BER) for damaged DNA such as
pyrimidine dimers and 8-oxo-G, the glycosylase activity is required
for removal of the bases from damaged sites, and an AP lyase
causes strand breakage via b-elimination. Drosophila rpS3 not only
has an AP endonuclease activity but also dRpase and glycosylase
activities [7–9]. However, yeast Rps3 proteins cleaved 8-oxo-G
without any glycosylase activity in our hands (Fig. 1d). Also, the
phosphodiester bonds of pyrimidine dimer containing DNA could
be efﬁciently cleaved by yeast Rps3p in the presence or absence
of additional glycosylase activity (Fig. 3). When yeast Rps3p
cleaves a phosphodiester bond within the pyrimidine dimer, it is
likely that the damaged site remained in a distorted form of the
dimer which will be a target for nucleotide excision DNA repair
enzymes. These ﬁndings concur with the previous studies showing
that human rpS3 protein recognizes and cleaves the pyrimidine
dimer [6]. Considering the data that the opposing base in 8-oxo-
G affected on the substrate speciﬁcity of the glycosylase activity
[8] and an endonuclease lacking glycosylase activity cleaved the
8-hydroxyguanine substrates [21,22], we should further investi-
gate how Rps3p recognizes and cleaves phosphodiester bonds of
damaged base substrates.
3.5. Asp154 and Lys200 are important for yeast Rps3p lyase activity
In an attempt to identify the yeast Rps3p domains required for
enzyme activity, serial N-terminal and C-terminal deletion
mutants were constructed as shown in Fig. 4a. Their expression
was veriﬁed by SDS–PAGE (Supplementary Fig. S2). The b-lyase
activity of the puriﬁed mutant proteins was measured by a nick
circle assay (Fig. 4b). These data showed that two domains, N-ter-
minal amino acids from residue 66 to 92 and C-terminal amino
acids from residue 185 to 210, signiﬁcantly contributed to the
maintenance of enzyme activity. The results also indicated that
yeast Rps3p has an inhibitory domain at the C-terminus from res-
idue 210. To ﬁnd the key residues for the activity, several amino
acids were mutated as indicated in Fig. 4a. Lys 132 and Asp154 cor-
respond to Lys 120 and Asp138 in E. coli endonuclease III, which
are essential for the catalytic activity [11]. We also selected some
lysine residues in C-terminal domain from 185 to 210 residues
which is thought to be important for the activity. Lysine residues
in the catalytic domain of various enzymes (Supplementary
Fig. S4) were reported to be important for the activity [23–26].
The enzyme activity of K187A, K212N mutants slightly decreased
and D154A, K200N mutants showed considerably decreased
compared to the wild-type protein (Fig. 4c). Taken together, theseins cleaved the phosphodiester backbone of pyrimidine dimers without additional
ein action on pyrimidine dimers. T4 UV endonuclease (ser) acts on pyrimidine dimer
phosphodiester bond between pyrimidine dimer is cleaved by yeast Rps3p in Rxn. 3
.
Fig. 4. Mutation analysis for measuring an AP lyase activity. (a) Deletion mutants were constructed by a conventional PCR-based method. Speciﬁc residues for replacement
are indicated on the wild-type diagram. (b) Relative enzyme activity of mutant Rps3 proteins was measured by nick circle assay and compared to that of wild-type protein (c).
These experiments were performed at least three times. Relative activity is presented as mean ± S.E.
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domain of yeast Rps3p play important roles in the b-lyase activity.
Interestingly, a mutation of lys 132 corresponding to Lys 120, the
essential residue in the catalytic activity of E. coli endonuclease
III, showed the similar enzyme activity compared to wild type. This
result is thought to be resulted from the different characteristics
between prokaryotic and eukaryotic organisms. In addition, key
residues of yeast Rps3p were not completely conserved in E. coli
endonuclease III. The enzyme activity was not abolished entirely
in both single residue replaced proteins. Therefore, we cannot
exclude the possibility that the several residues of yeast Rps3p
could function in the catalytic activity in concert with each other.
3.6. Yeast Rps3p protects cells from DNA damaging stresses
In vitro catalytic properties of yeast Rps3p were conﬁrmed by
observing the survival after exposure to toxic reagents. For this anal-
ysis, we had to use E. coli cells with defective DNA repair system.We
could not knockout the RPS3 gene in yeast since it is essential for cell
survival. BW528 cells lack both exonuclease III(xth) and endonucle-
ase IV(nfo), which lead to sensitivity to damage DNA agents such as
t-BuO2H andMMS (methyl methanesulfonate) [27]. The expression
of yeast Rps3p conferred resistance to t-BuO2HandMMS (Fig. 5).We
also compared the levels of resistance conferred by ribosomal
protein S3 from other species (Fig. 5a). All cells expressing the yeastRps3 mutants which had a defective b-lyase activity were highly
sensitive to t-BuO2H and MMS compared to wild-type containing
cells (Fig. 5b). These ﬁndings showed that protection against DNA
damage by yeast Rps3p results from the b-lyase activity. To check
the change of localization of yeast Rps3p to the nucleus responding
to DNA damage stresses, we analyzed the cellular localization of
yeast Rps3p fused with yEGFP using a galactose induction system.
YeastRps3pwaspresent abundantly in thenucleus andER, indepen-
dently of MMS treatment (data not shown). This ﬁnding was in
accordance with the other report in a database (Organelle DB;
http://organelledb.lsi.umich.edu/gene.php?sys_name=YNL178W).
These results imply that nuclear yeast Rps3 protein appears to play a
role inDNArepairwithout translocating further fromthe cytoplasm.
Human rpS3 protein did not complement the defect of cells in DNA
damaging condition. It might be due to the difference between hu-
mans and yeasts. Cells harboring yeast Rps3p showed the lower
resistance than those harboring Drosophila rpS3 enzyme. It is to be
noted thatDrosophila rpS3 proteinwhich is believed to have a glyco-
sylase activity showed the highest resistance to DNA damaging
agents. This implies the existence of other glycosylases which helps
yeast Rps3p repair various damaged DNA in cells.
Our results demonstrate that yeast Rps3 possesses a lyase activ-
ity characteristic of b-elimination with a broad range of substrate
speciﬁcity, including AP sites, 8-oxoguanine, and pyrimidine di-
mers in the supercoiled or relaxed form. The catalytic b-lyase
Fig. 5. Survival of BW528 cells transformed with ribosomal protein S3 derivatives exposed to DNA damaging agents. (a) Transformed cells with GST alone or GST Rps3p
derivatives were spotted onto a plate containing the indicated chemicals as described in Section 2. (b) Only wild-type yeast Rps3p showed resistance to DNA damaged caused
by the chemicals. The results shown are representative of four independent trials.
K.M. Seong et al. / FEBS Letters 586 (2012) 356–361 361activity of Rps3p is thought to play a critical role in DNA repair pro-
cesses in cells.
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